ABSTRACT: Objectives: To compare growth patterns of nonfunctioning and prolactin-producing pituitary macroadenomas, and to find whether their specific growth patterns are associated with clinically significant effects on vision. Materials and Methods: From our comprehensive provincial neuropituitary registry, we retrospectively identified 35 randomly selected patients each with nonfunctioning adenomas and prolactinomas >10 mm in any dimension. MRI scans were analyzed to determine the superior and inferior growth, volume, and maximum craniocaudal height of the adenomas. Patients underwent visual field testing at diagnosis. Continuous variables were compared using Student's t test, the Mann-Whitney U test, and ANOVA. Categorical variables were compared using the chi-square test. Results: The mean height of prolactinomas (23.2 ± 11.3 mm) was similar to nonfunctioning adenomas (22.3 ± 9.3 mm, p = 0.8), and so were mean tumor volumes (prolactinoma = 5.9 ± 8 ml vs. nonfunctioning adenoma = 4.8 ± 5 ml, p = 0.47). However, the mean suprasellar growth for prolactinomas was 2.9 ± 5.3 mm and 7.3 ± 4.7 mm for nonfunctioning adenomas (p < 0.001), and the mean infrasellar growth was 10.2 ± 8.0 and 5.0 ± 6.6 mm, respectively (p = 0.04). The inferior growth pattern of prolactinomas was associated with a significantly lower likelihood of having visual field abnormalities (11.4 vs. 57.1%, p < 0.001). Conclusions: Prolactinomas have predominantly inferior growth compared to nonfunctioning adenomas and are less likely to cause vision changes.
INTRODUCTION
Nonfunctioning adenomas (NFAs) and prolactinomas (PRLomas) are the two most common varieties of pituitary adenoma (PA) . A recent population-based survey from North America 1 reported that NFAs and PRLomas constituted 48 and 41% of all PAs, respectively. These data are in agreement with other studies which showed that NFAs and PRLomas are the commonest PAs. 2, 3 A significant proportion of patients with either an NFA (70%) or PRLoma (39%) present with macroadenomas, defined as tumors >10 mm in size. 1 However, these macroadenomas behave differently in the sense that NFAs generally present later in life with headache, with visual field (VF) defects, and as incidental lesions. In contrast, PRLomas occur in younger individuals and present with reproductive abnormalities in most women, whereas in men they typically present with reproductive abnormalities, with headache, and as incidental findings. 1 To date, no study has examined whether these distinct clinical presentations can be explained by differences in the growth propensities of these PAs. To address this question, we compared the radiological growth patterns of NFAs and PRLomas and their impact on VF abnormalities.
MATERIALS AND METHODS
Written consents were obtained from all patients prior to enrollment. The study was approved by our institutional research board. All patients were followed by a single team comprising an endocrinologist and neurosurgeon as well as specialized nurses from endocrinology and neurosurgery. From our prospectively kept database of 1,005 pituitary macroadenomas from November of 2005 to December of 2013, we randomly selected 35 patients each with PRLomas and NFAs that presented as macroadenomas. The number of patients selected was based on the power calculation as discussed in the Statistical Analysis section below. Macroadenomas were defined as a PA >10 mm in any dimension as measured on the presenting MRI. PRLomas were defined as macradenomas associated with persistently elevated prolactin (which was in keeping with the size of the tumor), the presence of symptoms related to high prolactin, and an absence of such secondary causes of hyperprolactinemia as hypothyroidism, chronic kidney disease, hepatic cirrhosis, and medications known to raise prolactin. PRLomas associated with clinical or biochemical evidence of excessive growth hormone production (mixed somatolactotrophic tumors) were excluded. NFAs were defined as macroadenomas with no clinical and/or biochemical evidence of hormonal oversecretion and serum prolactin <100 μg/L (normal range = 2.1-17.7 μg/L in males and 2.8-29.2 μg/L in females). For all patients who underwent surgery, tissue diagnosis was the primary method for making the diagnosis. Patients had VF testing (Humphrey or Goldmann), 4, 5 including at the time of first evaluation, as part of our clinical protocol.
Imaging Analysis
All MRI scans were analyzed by a specialist neuroradiologist who was blinded to the clinical diagnosis. Patients with a PA underwent MRI using our sella imaging protocol, which includes T2 coronal as well as pre-and postcontrast T1 sagittal and coronal images through the sella with a slice thickness of 2.5 mm. For the present study, we selected the postcontrast T1 sagittal images (T1 sagittal image when postcontrast image was not available) through the sella that showed the maximum craniocaudal extent of the tumor (Figures 1 and 2 ). The T2 coronal images were used to confirm the maximum craniocaudal extent of the tumor. On the sagittal image, a line tangential to the posterior 1 cm of the planum sphenoidale served as a baseline (Figures 1, 2b, and 2d) . The posterior 1 cm of the planum sphenoidale was selected for our baseline due to known variability in the shape and slope of the planum sphenoidale. 6 The superior and inferior extent of the tumor were measured in reference to this baseline (Figures 1, 2b , and 2d). Tumor above this baseline was defined as suprasellar growth (Figures 1, 2b , and 2d), and tumor below this baseline minus 10 mm was defined as infrasellar growth (Figures 1, 2b, and   2d ). The vertical diameter of the sella ranges from 4 to 12 mm, [7] [8] [9] [10] and, for simplicity of calculation, we considered this to be 10 mm in our study. This 10 mm was subtracted to account for the average depth of the sella, as the floor of the sella is indistinct in many of these tumors (Figures 1 and 2b) .
The difference between supra-and infrasellar growth was calculated and analyzed. Tumor volumes were calculated using the formula of an ellipsoid
; where a, b, and c are the three radii of depth (sagittal plane), width (coronal plane), and height (coronal plane) in mm. 11 
Statistical Analysis
To calculate the sample size, we initially conducted a pilot study of 10 randomly selected patients each with a PRLoma or NFA (all tumors ≥ 10 mm). For a study power of 80% and an α of 0.05, the final sample size was calculated to detect significant differences in suprasellar growth, infrasellar growth, and the difference between supra-and infrasellar growth; the estimated sample size calculations were 36, 70, and 22, respectively. To have adequate power to find significant differences among the three means, we randomly selected 70 patients (35 NFA and 35 PRLoma) for our study using a computer-generated random number table.
The descriptive statistical analysis was performed to compare the demographic characteristics of patients. Continuous variables were compared using Student's t test, the Mann-Whitney U test, and analysis of variance (ANOVA). Categorical variables were compared using the chi-square test. A p value <0.05 was considered significant, and sensitivity, specificity, positive predictive values (PPVs), and negative predictive values (NPVs) were calculated for the suprasellar growth pattern, the infrasellar growth pattern, and the difference between supra-and infrasellar growth. Analyses were conducted using Excel 2013, GraphPad Prism (v. 6.00 for Windows, GraphPad Software, La Jolla, California, USA; www.graphpad.com), and IBM SPSS (v. 22.0 for Windows, IBM Corporation, Armonk, New York).
RESULTS

Patients
The demographic, clinical, and radiological data are summarized in Table 1 . There were more male patients-26 (74%) and 
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Volume 44, No. 5 -September 201722 (63%) in the PRLoma and NFA groups, respectively-with no between-groups differences (p = 0.3). The mean age at presentation for the PRLoma group was 49.4 ± 17.4 years, which was significantly lower than that for the NFA group: 65.1 ± 13.3 years (p < 0.01). Mean serum prolactin level in the PRLoma group was 1,442 μg/L (range = 136-7,000). A total of two patients in the PRLoma group underwent transsphenoidal surgery (TSS), whereas 20 patients in the NFA group underwent TSS. All other patients were either medically treated (PRLoma) or remained under active surveillance. The primary presenting features for PRLoma were headache and reproductive symptoms; for NFA they were headache and incidental finding. The indication for surgery in the PRLoma group was an inability to tolerate medical therapy, whereas NFA patients underwent surgery because of VF abnormalities at presentation. One NFA patient had abnormal VF testing at presentation, but surgery was withheld due to multiple comorbidities and high surgical risk.
Radiological Growth Pattern
The data regarding radiological measurements are summarized in Table 1 . There was no statistically significant difference in the height (coronal plane = 20.7 ± 9.0 mm in NFAs, 20.7 ± 11.2 mm in PRLomas, p > 0.05), width (coronal plane = 19.4 ± 6.4 mm in NFAs, 19.4 ± 9.3 mm in PRLomas, p > 0.05), or depth (sagittal plane = 17.3 ± 6.3 mm in NFAs, 17.3 ± 7.5 mm in PRLomas, p > 0.05) in the two tumor groups. There was also no significant difference between the mean craniocaudal diameter of NFAs (22.3 ± 9.3 mm) and that of PRLomas (23.2 ± 11.3 mm) (p = 0.8) (Figure 3a) . The mean tumor volumes were also similar in the two groups: 4.8 ± 5 ml for NFAs and 5.9 ± 8 ml for PRLomas (p = 0.47) (Figure 3b ). The mean suprasellar growth of PRLomas (2.9 ± 5.3 mm) was less than half that seen in NFAs (7.3 ± 4.7 mm, p < 0.001), whereas the mean infrasellar growth of PRLomas (10.2 ± 8.0 mm) was twice that observed in NFAs (5.0 ± 6.6 mm, p = 0.04). A comparison of the suprasellar and infrasellar growth patterns of NFAs and PRLomas is depicted in Figure 4 , which shows preferential infrasellar growth of PRLomas compared with NFAs. In our group of 70 patients, NFAs with any suprasellar growth can be detected with a sensitivity, specificity, PPV, and NPV of 97.1, 68.6, 75.6, and 96%, respectively; whereas PRLomas with any infrasellar growth can be identified with a sensitivity, specificity, PPV, and NPV of 100, 31.4, 59.3, and 100%, respectively. Similarly, NFAs with preferential suprasellar growth (difference between supra-and infrasellar growth of >0 mm) can be detected with a sensitivity, specificity, PPV, and NPV of 82.9, 94.3, 93.5, and 84.6%, respectively; whereas PRLomas with preferential infrasellar growth (difference between infra-and suprasellar growth of >0 mm) can be identified with a sensitivity, specificity, PPV, and NPV of 94.3, 82.9, 84.6, and 93.5%, respectively.
Visual Field Abnormalities
All patients underwent VF testing at diagnosis. In the NFA group at presentation, 20/35 (57.1%) patients had abnormal VF testing related to tumor growth, 13/35 (37.1%) had normal VF tests, and 1/35 (2.8%) had abnormal VF testing that was deemed unrelated to tumor growth. In the PRLoma group, 4/35 (11.4%) had abnormal VF tests that were deemed related to the tumor, while 2/35 (5.7%) had abnormal VF tests that were thought to be unrelated to the tumor (VF defect related to diabetic retinopathy, and the tumor did not abut the optic chiasm), whereas 29/35 (82.8%) had normal VF testing on initial presentation. The risk of VF abnormalities at presentation was five times higher in the NFA group (57.1%) versus the PRLoma group (11.4%) (p < 0.001). The average tumor volume at presentation that was associated with VF abnormalities was significantly larger in PRLoma patients (23.5 ± 7.0 ml) than in NFA patients (6.3 ± 6.0 ml; p < 0.001) ( Figure 5 ).
DISCUSSION
Extrasellar growth is common, as most PAs present as macroadenomas. 1 It has been previously reported that growth hormone (GH)-producing (somatotrophic) tumors have a predilection for infrasellar growth. 12 However, to date, no study has systematically assessed the patterns of growth of prolactin-producing tumors (lactotrophic tumors) in comparison with NFAs or assessed the clinical impact of these growth patterns on vision loss.
It is not clear from the single previous study reporting a predilection for infrasellar growth of GH whether the tumors were purely somatotrophic or mixed somatolactotrophic tumors. Since GH adenomas can also stain for and co-secrete prolactin, it is crucial to examine distinct growth patterns of PA based on specific tumor types. Consequently, in this study, we excluded those PRLomas that were associated with clinical or biochemical evidence of excessive GH production.
Defining infrasellar growth on imaging, particularly in large tumors where the sellar floor may be completely eroded, can be subjective. To make the assessment of tumor more objective, we developed a method to determine the predominant growth pattern, which can be easily done in day-to-day clinical practice on a single sagittal image. We used the planum sphenoidale as our bony landmark. Even in the largest of the tumors in our series, the planum sphenoidale remained intact.
Our study showed that, despite having similar tumor volumes and craniocaudal measurements to NFAs, PRLomas predominantly grow inferiorly. This is an intriguing finding with a potentially important clinical implication. Due to predominant inferior growth, PRLomas are highly unlikely to cause VF abnormalities unless they are very large tumors. In our study, PRLoma patients who presented with VF abnormalities had a significantly larger tumor volume (23.5 ± 7.0 ml) than patients with NFAs (6.3 ± 6.0 ml) (p <0.001). This finding may be of particular relevance in untreated pregnant women with large PRLomas who, based on recent guidelines, are generally followed during pregnancy through VF testing. 13 Our data suggest that VF testing may not predict tumor growth in the absence of significant superior extension or massive enlargement of the tumor. Whether PRLomas during pregnancy also follow a similar growth pattern remains to be assessed.
The cause of these superiorly and inferiorly oriented growth patterns is not obvious. Our knowledge of PA precursors suggests that the growth patterns are unlikely to result from a more superior location of the NFA precursors and a contrastingly inferior location of PRLoma tumor precursors. NFAs are a mixture of silent corticotroph, somatotroph, lactotroph, thyrotroph, and gonadotroph, and are true null cell tumors.
14 As such, they are thought to arise from precursors scattered throughout the anterior pituitary. Similarly, lactotrophs that are precursors of PRLomas constitute 10-30% of pituicytes and are also widely distributed throughout the pituitary. 15 Given the observations of our study, it is also possible to hypothesize that there are trophic influences causing these tumors to grow preferentially in different directions. The preferential infrasellar growth of PRLomas demonstrated in this study suggests a greater ability of these tumors to erode through the bone of the sellar floor/clivus. To date, there is little in-vivo or in-vitro biochemical data concerning factors that might induce directional growth of pituicytes. Whatever the pathophysiology underlying these growth patterns, they remain of clinical importance for the treatment of patients with PAs. As such, further investigation to understand these mechanisms is warranted. This is the first study to demonstrate the inferior growth pattern of PRLomas as compared with NFAs and to assess the effects of growth pattern on vision.
CONCLUSIONS
The different growth patterns of NFAs and PRLomas are of significant clinical relevance in determining the risk of vision loss associated with different types of PA. The results of our study show that, in large NFAs and PRLomas of similar sizes, suprasellar growth and vision loss are more common in patients with NFAs. In contrast, PRLomas have preferential infrasellar growth and affect vision when their suprasellar growth is much greater than that in NFAs. These results also question the sensitivity of VF assessment in determining PRLoma growth in medically untreated patients. Additional studies are required to identify the underlying reason for this difference in growth characteristics. ABBREVIATIONS MRI = magnetic resonance imaging; NFA = nonfunctioning adenoma; PA = pituitary adenoma; PRLoma = prolactinoma; TSS = transsphenoidal surgery; VF = visual field.
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